Abstract: In this paper we experimentally investigate the final scour depth around cylindrical piers under flood waves. Only clearwater conditions are considered. An approach to estimate the final scour depth under a flood wave is proposed, based on the local scour depth calculated with steady flow equations under peak flow conditions. The new experimental results are also used to investigate the performance of existing expressions or approaches to predict time evolution under steady and unsteady flow conditions.
Introduction
Pier and abutment scour are among the main reasons for bridge collapse (Melville and Coleman 2000) . Local scour around bridge foundations is a very complex problem due to the three-dimensionality of the flow and its interaction with sediment transport. Laboratory experiments are, hence, the main tool used by researchers to study local scour processes nowadays.
Many experimental studies have been carried out to obtain expressions for the equilibrium scour depth at bridge piers under clear-water conditions (Raudkivi 1976; Breusers et al. 1977; Dargahi 2001; Raudkivi and Ettema 1983; Raudkivi 1986; Melville and Southerland 1988; Dey 1997a, b; Melville and Coleman 2000; Richardson and Davis 2001) . These relationships have been used extensively for engineering purposes. It is worth noting, however, that despite the conceptual simplicity of equilibrium scour depth, the equilibrium stage is hard to attain since it is reached asymptotically in time (Simarro et al. 2011) .
Departing from an uneroded bed, the final scour depth after a flood wave can be significantly smaller than the equilibrium scour depth corresponding to the peak discharge, since flood durations are usually much shorter than the characteristic time required to reach equilibrium. Therefore, the time evolution of local scour under steady and unsteady (though quasi-steady) flow conditions is receiving increasing attention (Shen et al. 1969; Franzetti et al. 1989; Kothyari et al. 1992; Sumer et al. 1992; Melville and Chiew 1999; Hager 2002, 2005; Mia and Nago 2003; Chang et al. 2004; Lopez et al. 2006; Lai et al. 2009; Hager and Unger 2010; Lu et al. 2011) .
The methods proposed to estimate scour time evolution under unsteady (but, hereafter, always quasi-steady) conditions consider stepwise hydrographs and then concatenate time evolutions corresponding to the different flow rates (Kothyari et al. 1992; Chang et al. 2004; Oliveto and Hager 2005) . This procedure implicitly assumes that the shape of the scour hole depends on the actual scour depth, without any memory of the shape of the hydrograph leading to that scour (Chreties et al. 2008) .
This work presents an approach to estimate the final scour depth under flood waves for cylindrical piers in clear-water conditions. This is done by relating the final scour depth under a flood wave to a reference scour depth for steady flow conditions. The experimental results are also used to (1) analyze and discuss the performance of some of the existing scour evolution models for steady flow conditions, and (2) to examine the applicability of the concatenating method for scour evolution under unsteady flow conditions.
Experimental Setup
The experiments were carried out in a 37-m-long and 0.75-m-wide glass-side rectangular flume at the Hydraulic Engineering Laboratory, Escuela Técnica Superior de Ingeniería en Caminos, Canales y Puertos, University of Castilla La Mancha (Spain). This facility has already been described, e.g., by Chreties et al. (2008) . The sediment is characterized by a median grain size d 50 ¼ 1.65 mm, a standard deviation of sediment grain distribution σ g ¼ 1.32, and specific gravity, ρ s =ρ ¼ 2.65. A PVC cylindrical pier with a diameter D ¼ 0.09 m was located in the center of the working cross section (20 m downstream from the water entrance). We ran 29 steady experiments (Table 1 ) and 10 unsteady experiments representing seven symmetric stepwise hydrographs (Table 2) .
In Table 1 , Q (1=s) is the constant flow rate, h (cm) is the water depth, the duration is given in hours, d sf ðcmÞ is the final scour depth at the test, and I is the flow intensity. In Table 2 , t p ðhÞ is the time to peak, Q 1 ; Q 2 ; : : : ; Q p (l=s), h 1 ; h 2 ; : : : ; h p (cm), respectively, are the flow rate and water depth at each hydrograph step, I p is the flow intensity at peak conditions, n the number of steps considered, Δt (h) is the step duration, and d sf (cm) is the final scour depth. The flow intensity I, is defined as I ≡ u=u c with u the approaching velocity and u c the critical velocity for the beginning of the motion. Here, we consider the expressions by Oliveto and Hager (2002) for u c . The hydrographs parameters presented in Table 2 are described in Fig. 1 .
Temporal Evolution of Local Scour Depth
The experimental results for steady conditions are compared to seven well-known time evolution expressions: Shen et al. (1969) , Franzetti et al. (1989) , Sumer et al. (1992) , Melville and Chiew (1999) , Oliveto and Hager (2002) , Mia and Nago (2003) , and Chang et al. (2004) . For all the steady experiments, we get the following root-mean squared errors (RMSE hereafter), respectively for the seven expressions (in centimeters): 3.62, 1.90, 4.91, 3.63, 1.32, 1.91, and 1.76. The comparison for the expression by Oliveto and Hager (2002) , the one giving best results, is shown in Fig. 2 . In the initial stages (scour less than 5 cm) the method overestimates the measured data. This can be explained by the fact that the equation used within the method is meant for the maximum scour, and the experimental scour was measured at the nose of the pier (and, at the initial stages, the maximum scour is at the side of the pier).
According to Oliveto and Hager (2002) , their formulation is valid for 0.60 ≤ I ≤ 1.20. From Fig. 2 , where 0.50 ≤ I ≤ 0.86, it seems that the range of application of the expression by Oliveto and Hager (2002) can be increased to 0.50 ≤ I ≤ 1.20.
In addition, Fig. 3 shows the experimental scour depth evolution for an unsteady test together with the evolution of the scour depth under steady conditions for the flow discharges that correspond to each hydrograph step of the unsteady test. The agreement between both scour depths confirms the validity of the procedure proposed by Kothyari et al. (1992) and also Chang et al. (2004) .
Finally, we combined the procedure by Kothyari et al. (1992) and the time evolution expression by Oliveto and Hager (2002) to reproduce our unsteady tests. Fig. 4 shows the comparison between calculated and measured scours. As depicted, the estimations are in agreement with measurements, particularly for the final period of the hydrograph. In the initial stages (scour less than 5 cm) the method overestimates the measured data, due to the fact that the maximum scour is at the side of the pier and is not measured, as was observed in Fig. 2 .
Final Scour Depth
The approach described in the foregoing (hereinafter the full approach) can be applied to any hydrograph to obtain the time evolution and final scour corresponding to a flood wave. From an engineering point of view, however, it seems of interest to obtain a simple expression for the final scour (departing from uneroded conditions). We note that Hager and Unger (2010) and Lai et al. (2009) have also presented expressions for this purpose, but the approach considered in this work is different.
Here, we will reduce the problem to analyze the ratio
where d sf = final scour depth under flood waves; and d sr = reference scour depth, defined as the scour obtained with a steady flow rate equal to the peak discharge and acting during the flood wave erosion time, t s , defined by Oliveto and Hager (2005) . This time, t s is the total time during which the flow conditions are such that there would be local erosion in the original uneroded bed situation (when the discharge is grater than threshold discharge Q t ), including the rising and descending limb of the hydrograph (see Fig. 1 ). Oliveto and Hager (2005) established a simple condition for the initiation of sediment transport in a configuration with elements (particularly a cylindrical pier) in a plane sediment bed and, consequently, under the threshold flow conditions.
The influence of the hydrograph shape on ϕ can not be properly analysed using the 10 unsteady experiments. Based on the good results obtained in the previous section, we alternatively consider numerical simulations. The ratio ϕ has been computed for 5,000 numerical simulations of scour evolution under triangular hydrographs where the conditions of peak flow and flood wave erosion time were modified. The ranges of variation of the dimensionless parameters representative of pier width, flood strength, and flood duration are • 0.19 ≤ h p =D ≤ 2.55 • 0.60 ≤ I p ≤ 1.20; and • 2.10 2 ≤ t s =t r ≤ 6.10 6 , with t r as the representative scour time defined by Oliveto and Hager (2002) . Above, subindex p refers, as in Table 2 , to peak conditions. The range of variation of the different parameters was determined satisfying the limitations of Oliveto and Hager (2002) equation. Also, the range t s =t r corresponds to the typical real time of hydrographs (in the order of a week for large flood plain rivers). Fig. 5 depicts the ratio ϕ against t s =t r for the numerical simulations and experimental results, showing an upper bound of the results. The dispersion in the results is due to the influence of h p =D and I p and also to the discretizations of the hydrographs. However, the results are quite clustered, and the upper envelope is well defined. For engineering purposes, we consider the following exponential envelope 
For t s → ∞, one would expect ϕ ¼ 1 and, therefore, an alternative expression is proposed as
which automatically tends to unity for t s → ∞. Expressions f 1 and f 2 are included in Fig. 5 . The behavoir of f 1 and f 2 (Fig. 5) suggests that they could be combined into a single relation, in which f 1 and f 2 are representative for t s =t r < 4.10 6 and >4.10 6 , respectively.
To assess the performance of the ϕ-approach in estimating final scour depth under flood waves, five different approaches were tested against 53 experiments. We consider the ϕ-approach using f 1 or f 2 (for t s =t r < 4.10 6 and >4.10 6 , respectively), the full approach, and the formulations by Hager and Unger (2010) and Lai et al. (2009) . The 53 experiments include the 24 in Kothyari (1989) , the single experiment U3 by Chang et al. (2004) , the 18 by Hager and Unger (2010) , and the 10 tests in the present work. All 53 experiments consider stepwise hydrographs. Fig. 6 presents the comparison between measured and predicted final scour depth at the end of the hydrograph for the different approaches. The RMSE using ϕ-approach is 2.28 cm. Not surprisingly, the minimum RMSE (2.17 cm) is obtained using the full approach. The expressions by Hager and Unger (2010) and Lai et al. (2009) give, respectively, RMSEs of 9.79 cm and 3.60 cm.
Based on the 53 unsteady experiments, the simplified approache has only a slightly larger RMSE than the full approach, while being much simpler to implement. Therefore, the ϕ-approach is recommended here.
Hager and Unger (2010) pointed out some interesting considerations on the experiments by Kothyari (1989) and Chang et al. (2004) . Chang et al. (2004) initiated a flood wave with conditions above sediment entrainment, resulting in a rapid scour depth rise close to scour start. Because the hydrograph by Chang et al. (2004) is quite different from those considered for the ϕ-approach [where the steps in the flow rate are equal to Q p =ð2n þ 1Þ], one would expect the full approach to do a much better job in this case. Although the full approach does work better than the ϕ-approach, the differences are small. This may be explained by the fact that the peak flow rate, which is well represented in all the approaches, rules the final scour. Similar arguments hold for the experiments by Kothyari (1989) .
The formulations by Hager and Unger (2010) and Lai et al. (2009) appear not to fit that well the measured final scour depths. We note that Hager and Unger (2010) consider a continuous function to approximate the single-peak flood wave in their formulation, whereas a stepwise hydrograph approximation is used in experiments. On the other hand, Lai et al. (2009) consider in their approach an hydrograph with only a linear rise. Although the effect of the recession period of the hydrograph in the scour evolution is not very important, it could contribute to the underestimations observed for the Lai et al. (2009) 
The estimations with the ϕ-approach were compared with measured in situ data (study cases A2 and A5) given in Melville and Coleman (2000) . When a parameter is not reported, the value was estimated with the information presented in the study case. The flood wave was represented by a triangular hydrograph. Table 3 presents the parameters used in the ϕ-approach, where Q p is the peak discharge, h p the peak water depth, t b is the base time, b the river width, D the pier diameter, and d 50 the median grain size.
The estimation of the final scour depth with the ϕ-approach are 2.0 m and 7.0 m for A2 and A5, whereas the inferred scour depths reported in Melville and Coleman (2000) were 2.5 m and 6.0-12.2 m, respectively. Thus, results show that the ϕ-approach reproduces fairly well the scour depth observed. The differences could be explained by uncertainties in the input parameters as well as in the triangular representation of the hydrograph.
Conclusions
This note advances study of final scour depth around cylindrical piers under flood waves in clear-water conditions. The main contribution of this study is a new direct expression to estimate the final scour depth produced by a single peak hydrograph. The proposed method is based on the local scour depth calculated with steady flow equations under peak flow conditions. The expression has been obtained mainly using numerical simulations and has been validated using experimental data. Further studies are necessary in order to understand the behaviour of this methodology under live bed conditions. Also, based on experimental results, it is confirmed that the behavior of the evolution of local scour depth under a stepwise hydrograph may be well depicted as a succession of local scour depth evolutions under steady conditions. 
